Introduction
============

Humans are social in nature. This aspect of human nature has likely contributed to their success as a species in the animal kingdom.^[@r01],[@r02])^ It can be reasoned that human brain functions are best understood under social conditions. Indeed, increasing attention is being paid to understanding the neural basis of social cognition and behavior, giving birth to the field of social neuroscience. Owing to the refinement of noninvasive neuroimaging techniques, such as functional magnetic resonance imaging (fMRI), neuroscientists are now capable of identifying brain structures and circuits that underlie social cognitive processing in physiology and disease.^[@r03]--[@r08])^ This advancement has made social neuroscience as truly an exciting field as basic and clinical sciences.

To further advance social neuroscience research, studies on human subjects are surely indispensable, because they can most directly tell us about our social mind. However, research using other animal species is also of importance. Social neuroscience now encompasses a wide range of methodologies and species, each of which has unique advantages^[@r08])^ and complements the others. For example, insects are ideal for studying specific group behaviors and their genetic bases.^[@r09])^ Rodents offer great opportunities for utilizing and advancing optogenetic technologies,^[@r10])^ thereby demonstrating a cause-and-effect relationship between neural activity and social behavior. Nonhuman primates serve as a more ecologically valid model, owing to their social behaviors and environments being most similar to humans.^[@r11])^ Importantly, humans and macaques share striking resemblances between their brain structures and neural circuits dedicated to social functioning.^[@r12],[@r13])^ Neuroimaging studies have shown that individuals living in larger social groups --- both humans and macaques --- have larger gray matter volumes in the amygdala, superior temporal sulcus (STS), and the dorsal and anterior portions of the prefrontal cortex.^[@r14]--[@r17])^ These brain regions may be closely linked to social cognitive skills common to several primate species.^[@r12])^ A reasonable next step is the investigation of cellular mechanisms underlying social cognition and behavior.

Characterizing the functional properties of individual neurons while macaque monkeys perform well-designed social tasks in the laboratory has become technically feasible. As will be outlined later, macaques spontaneously gather social information, such as others' sex, facial expression, and gaze direction. They monitor the actions that are chosen by others and the consequences of these actions. They learn a great deal by observing others. They control their behavior in accordance with current social contexts, such as hierarchical relationships. The refinement of social task paradigms, together with established neural recording at fine spatio-temporal resolutions, has now made it possible to investigate the cellular bases of social brain functions using macaques as a valid model system of human social cognition. The purpose of this review is to provide an overview of rapid developments in social systems neuroscience research using macaques and to discuss several important issues to advance this field of research in more fruitful ways.

In the following sections, we will summarize the neural coding of important aspects related to social cognition --- that is, the coding of information value, others' face and gaze, social states, rewards, and actions under social conditions. These topics will be addressed one by one, some of which being presented with a more in-depth description of behavioral tasks before introducing experimental findings: specifically, a pay-per-view task for studying social information valuation, a reward-allocation task for studying social reward processing, and a role-reversal choice task for studying social action processing. The designs of these tasks are unique and have had a notable impact on the development of social experimental paradigms using macaques.

1. Valuation of social information
==================================

Macaques need to collect socially relevant signals about the outer world and put appropriate value on them to guide adaptive social behavior. For example, macaques have a strict hierarchical organization within each herd; judging a hierarchical relationship between oneself and others is crucial for avoiding unnecessary fights. The selection of appropriate mating partners increases individual fitness. To investigate macaques' preferences for social signals, an experimental paradigm, called the pay-per-view task, was devised.^[@r18])^

In this paradigm, male macaques performed a choice task pitting fluid rewards against brief presentations of visual information. In each trial, a monkey was asked to shift their gaze to one of two simultaneously presented targets. Orienting to target 1 yielded only a juice reward and orienting to target 2 yielded the same or different amount of reward and the appearance of an image consisting of the faces of high-status macaques, the faces of low-status macaques, the perinea of female macaques, or a gray rectangle. The investigators then measured the amount of juice sacrificed or gained when a subject was equally likely to choose targets 1 or 2. Of note, male macaques sacrificed rewards to view female perinea and the faces of high-status monkeys but required reward overpayment to view the faces of low-status monkeys. This finding indicated that macaques spontaneously discriminated between, and put different values on, social signals based on visual information.

Several studies suggested that the valuation of social signals is implemented in several cortical areas. Experimental lesions made in the gyral division of the anterior cingulate cortex (ACCg) affect normal patterns of social interest in other male or female macaques.^[@r19])^ Neurons in the orbitofrontal cortex (OFC) signal the value of social information; in the OFC, neurons conveying social information were more prevalent than neurons conveying information regarding fluid rewards.^[@r20])^ These social-value-coding neurons are located in both the medial and lateral OFC;^[@r20])^ however, lesions made in the medial OFC did not impair social valuation at the behavioral level.^[@r19],[@r21])^ Finally, neurons in the lateral intraparietal (LIP) area encoded the value of social information when this value signal was used to guide a decision about where to look.^[@r22])^ These findings suggested that neurons in the ACCg and OFC assess the value of information about conspecifics, and LIP neurons use value signals to guide subsequent visual exploration behavior.

During the pay-per-view task, looking at female hindquarters was considered rewarding, because male monkeys looked at them for longer than any other stimulus.^[@r18],[@r22])^ Conversely, looking at the high-ranking males was considered threatening, because monkeys looked away from them more quickly.^[@r18]--[@r22])^ Thus, the activity of LIP neurons does not seem to reflect a hedonic valence of social stimuli, but rather signals the behavioral salience or significance of social stimuli for the observer. Where in the brain such a salience signal is computed is an important question for future work. A candidate for the source of such a salience signaling is dopaminergic neurons in the midbrain; these neurons especially in the dorsolateral portion of the substantia nigra pars compacta encode motivational salience rather than motivational value.^[@r23])^

2. Processing of another's facial region
========================================

Faces are inherent social stimuli. Face perception can facilitate interpersonal communication at two levels. The perception of invariant face properties facilitates recognition of individual identity (who someone is), and the perception of changeable aspects of the face, such as expression, head orientation, and eye gaze, facilitates the inference of the mental states of the observed individual (what someone feels and intends). Attention to and perception of the face are skills critical for daily social functioning and communication.

2.1. Face processing.
---------------------

Macaques have a set of face-selective regions in the temporal cortex that can be identified by fMRI^[@r24]--[@r26])^ or single-neuron recording.^[@r27]--[@r30])^ These 'face patch' regions are located mostly within or close to the STS.^[@r29],[@r31])^ Neurons within face patches respond to both static faces and faces in motion, with the responses being larger to the latter stimuli.^[@r32])^ Face patches form strong, specific connections to one another, indicating that functional specialization in the inferior temporal lobe exists not only at the level of isolated neuronal columns^[@r33],[@r34])^ or patches,^[@r25],[@r35])^ but also extends to the level of distributed networks. Neurons in the face patches responding to the face are called 'face neurons', and their response properties vary depending on the anatomical locations of the patches. For example, face neurons in the middle patches are view-specific (*e.g.*, differential responses to right-side and left-side profiles of the same individual); face neurons in the anterior patch are tuned to identity, mirror-symmetrically, across views; and face neurons in the most anterior patches achieve almost full view invariance.^[@r36])^ Notably, in the middle face patch (located ∼6 mm anterior to the interaural line), almost all visually responsive neurons are face selective.^[@r30])^ This face patch is thought to be homologous to the fusiform face area in humans.^[@r37])^

Electrical stimulation of the face patches can activate the amygdala, claustrum, and pulvinar,^[@r31])^ suggesting that these subcortical structures may also play a role in face processing. In support of this view, neurons in the amygdala prominently respond to faces. Notably, this response is observed only when monkeys fixate the face, and response latencies are shortest when fixating on the face of the subject's own species.^[@r38])^ This finding was similar to the response properties of 'eye cells' found in the monkey amygdala, which selectively responded to fixations on the eyes of another monkey.^[@r39])^ Clusters of face-selective neurons can also be identified within sub-regions of the prefrontal cortex that receive temporal lobe afferents --- the orbitofrontal cortex (within or nearby the lateral orbital sulcus), the inferior convexity below the principal sulcus, and the anterior bank of the lower arcuate sulcus.^[@r40]--[@r42])^ Neurons in the lateral orbital face patch responded more strongly to expressive faces than to neutral ones.^[@r42])^ Other prefrontal and temporal lobe face patches were only weakly modulated by facial expression.^[@r42])^ The lateral orbital face patch may, therefore, have a unique role in processing the emotional content of the face.

Several studies have consistently demonstrated right hemisphere superiority in monkeys for processing facial information,^[@r43]--[@r45])^ similar to humans.^[@r37],[@r46],[@r47])^ Consistent with these reports, the posterior face area shows a more extensive fMRI activation in the right hemisphere than in the left hemisphere in macaques.^[@r26])^ These findings suggested a hemispheric asymmetry in the processing of face information in both macaques and humans. Damage to the posterior right hemisphere in humans can produce prosopagnosia.^[@r48])^ The right-dominant organization might be associated with the 'left field advantage' for face recognition; human subjects process face information faster when presented to the left hemifield than to the right hemifield.^[@r49])^

An obvious question for future work is how the brain regions discussed above interact during processing facial information. While simultaneous single-unit recording from multiple regions is one way to assess inter-areal interactions, whole brain imaging, whether it is functional or anatomical, would help to evaluate the neural networks underlying facial information processing including the hemispheric asymmetry.

2.2. Gaze processing.
---------------------

The gaze direction of others provides useful information about their focus of attention and hidden intention.^[@r50],[@r51])^ Macaque monkeys demonstrate a preference to view the eye region in the others' face similar to humans, and are sensitive to the direction of others' gaze directions.^[@r52])^ The temporal cortex, especially the anterior superior temporal sulcus (STSa), plays a central role in processing the direction of others' eye gaze. Many neurons in the STSa are selective for, or influenced by, the direction of others' gaze,^[@r53],[@r54])^ and bilateral removal of the banks and floor of the STS reduces the accuracy of eye gaze perception.^[@r55])^ STSa neurons also exhibit differential activity depending on the view of the face^[@r53],[@r56],[@r57])^ and body.^[@r57])^ In particular, neurons in the more anterior part respond optimally to a single oblique view; conversely, facial views that elicit optimal responses are distributed among all views in the more posterior part.^[@r57])^ These findings suggested that the STSa has a critical role in assessing the focus of attention of others. Neurons exhibiting similar response properties were also identified in the amygdala (especially the lateral part),^[@r58])^ which has reciprocal connections with the STS.^[@r59])^

Gaze behavior is not just a movement of a body part, but provides a window into the social mind. Gaze behavior in social contexts, such as gaze-following and joint attention, is considered a foundation for more sophisticated social skills, such as having a theory of mind.^[@r50],[@r51],[@r60])^ Despite some intensive debate,^[@r61])^ it now seems likely that these social gaze behaviors can also be observed in macaques.^[@r62]--[@r67])^ Low-status male macaques reflexively followed the gaze of all familiar conspecifics, but high-status macaques did so only selectively for the gaze of other high-status monkeys.^[@r63])^ This finding led to the hypothesis that gaze-following behavior involves reflexive and voluntary components and that the strength of these mechanisms varies according to social status.^[@r63])^ Notably, intranasal administration of oxytocin to monkeys increased the frequency of gaze following responses while viewing videos of conspecifics displaying natural behaviors.^[@r67])^

Several lines of evidence suggest that the STS is involved at least in gaze following. An fMRI study found that active gaze-following toward an object in space activated the fundus and lower bank of the middle STS bilaterally (STSm; 0.8--6.4 mm anterior to the interaural line).^[@r68])^ This 'gaze-following patch' is close to but located outside the face patches. Muscimol-induced reversible inactivation of the fundus and dorsal bank of the posterior STS (STSp; between 2.0 mm anterior to and 2.0 mm posterior to the interaural line) suppressed gaze following.^[@r69])^ Neurons in the STSm and STSp seem to project to the LIP,^[@r70])^ a cortical area associated with attention and eye movement.^[@r71])^ Notably, a subset of neurons in the macaque LIP fired both when animals looked in the preferred direction of the neuron and when the observed animals looked in the preferred direction of the neuron.^[@r72])^ Together, the STS-LIP network may underlie the sharing of attention between self and others. The STS-LIP network is connected with extrastriate visual cortices,^[@r73]--[@r75])^ activity of which is known to be modulated by attention.^[@r76],[@r77])^ Thus, it is of interest to examine whether extrastriate cortical activity is influenced by others' gaze information. It can be argued that the assignment of mental states to biological beings, but typically not to man-made objects, is a unique aspect of social cognition. We speculate that at least a subset of neurons in extrastriate visual cortices may exhibit enhanced responses to biological stimuli, such as the eye, mouth, or faces, thereby contributing to reflexive orienting to social cues.

3. Information about social states
==================================

Social behaviors are governed by hierarchical relationships with other conspecifics. Subordinate animals show submissive behaviors, such as refraining from acting to compete against dominant monkeys, for example, for food. However, subordinate animals do not always display this behavioral pattern; when dominant monkeys are not present nearby, or when dominant monkeys are present but show no sign of their dominance, subordinate monkeys do acquire food items.^[@r78])^ Macaque behavior can be shaped by both a stable social hierarchy and a momentary social context, or 'social state'.^[@r79])^

Neurons in several brain regions show social state-dependent activity while performing a food-grab task. Here, two monkeys shared a common space and reached for the same food item.^[@r80])^ In the caudate nucleus of the basal ganglia, a group of neurons decreased their 'task-related' activity during a submissive state in which active food taking was suppressed by the presence of a dominant monkey.^[@r81])^ This activity change could not be explained by a reward or motor factor. In the dorsolateral prefrontal cortex, a social state-dependent modulation was observed in the 'baseline' activity; sustained activity increased during a dominant state and decreased during a submissive state. Electrocorticographic recordings from a wide range of cortical areas showed that neural coding of the social state develops as the conflict between two monkeys increases during the food-grab task.^[@r82])^ Before a food item is presented, the parietal and sensorimotor cortices show sustained activity reflective of the social state; after the presentation, the prefrontal and visual cortices start to exhibit social state-dependent activity.

MRI studies demonstrated that social status is associated with structure and function in several brain regions^[@r14],[@r83])^ (Fig. [1](#fig01){ref-type="fig"}). Specifically, higher social rank is associated with larger gray matter volume in the rostral prefrontal cortex, mid-STS extending into the inferior temporal gyrus, amygdala, postero-lateral hypothalamus, raphe nucleus, and reticular formation. Conversely, lower social rank is associated with larger gray matter volumes in the dorsal septum, anterior dorsal striatum, and caudate tail. Among these regions, the volume of the rostral prefrontal cortex and mid-STS/inferior temporal gyrus is also associated with the size of the social network size (the number of housemates of each monkey). Of note, cortical areas in the mirror system, an important component of social brain networks (see Section 5.1) did not show a volume change associated with social rank or social network size. An important issue for future work is to determine whether the social state signals in cortico-subcortical regions reflect internal states, such as emotional responses, or are the control signal regulating adaptive social behavior.

4. Reward encoding in social contexts
=====================================

What happens to others shapes the behaviors of the observer and promotes observational learning in humans.^[@r84],[@r85])^ In macaques, too, the occurrence of pleasant or unpleasant outcomes for others affects social decisions of the observer,^[@r86])^ and learning to perform a certain task can be facilitated by observing others' experiences of performing the same task.^[@r87]--[@r90])^ A study using a reward-allocation task examined how outcomes for others affected observers' decision-making.^[@r91])^ Here, two monkeys sitting close to each other were conditioned with different visual cues, each of which was uniquely associated with a reward to only self (M1), only another monkey (M2), both M1 and M2, or no one. Once the conditioning was established, the monkeys were asked to freely choose one of the cues by shifting their gaze. The authors found a choice bias in which M1 preferred cues paired with rewards to M2 over cues paired with reward to no one. By contrast, M1 preferred cues paired with rewards to itself over cues paired with rewards to both M1 and M2. Of note, the exogenous administration of oxytocin increased the frequency of M1's prosocial choices associated with rewards to M2 when the alternative was to reward no one, but promoted selfish choices when the alternative was to reward itself.^[@r92])^ These findings suggested that other-regarding preferences are context-dependent and in some way under the control of oxytocin.

A subsequent recording experiment showed area-selective reward processing in the primate brain. Neurons in the OFC preferentially processed rewards to oneself, neurons in the sulcus division of the ACC (ACCs) preferentially processed rewards to non-self (other or no one), while those in the ACCg processed self-rewards, other's rewards, or both-rewards.^[@r93])^ These findings are consistent, in part, with the finding that lesions in the ACCg impair the valuation of social information.^[@r19])^ A follow-up study using the reward-allocation task demonstrated that neuronal activity in the basolateral amygdala (BLA) reflected the value of other's rewards in the same way it reflected the value of one's own rewards when animals guided a decision of whom to reward.^[@r94])^ Notably, injection of oxytocin in the unilateral BLA increased the frequency of prosocial decisions.^[@r94])^ The amygdala has been implicated in social cognition, as discussed earlier, such as processing observed facial expressions and gaze, in both humans and nonhuman primates.^[@r39],[@r58],[@r95]--[@r97])^ Similar to OFC neurons, striatal neurons primarily encode rewards for oneself. Notably, the self-reward-related activity in the striatum differs depending on whether the self-reward is produced by one's own action or by the other's action.^[@r98])^

The neural signature representing one's own rewards may differ depending on whether they are acquired through competition. Neuronal activity in the dorsolateral prefrontal cortex (dlPFC) substantiates this. A study using a video shooting game with another conspecific found that reward-related responses of dlPFC neurons were significantly greater in competitive conditions than in the non-competitive condition.^[@r99])^ Of note, the great majority of these reward-related responses were significantly larger in competition against another monkey than against a computer.^[@r99])^ There are also other subsets of dlPFC neurons that seem to encode reward contexts in the game, reflecting either an egalitarian competitive context in which both the winner and loser, or neither of them, will be rewarded, or a typical competitive condition in which only the winner will be rewarded.^[@r100])^

Egalitarian competitive contingency also profoundly affects monkeys' motivation. In the above study using the video shooting game, behavioral performance --- both the success rate for and the latency of the first shot --- significantly deteriorated in the egalitarian competitive contexts compared with the typical competitive context.^[@r100])^ Another study showed, however, that such 'egalitarian effects' on behavior and neuronal activity are not confined to a competitive context.^[@r101])^ Here, the actor monkey, sitting in front of the observer, was asked to release a lever within a short period of time when a GO signal was given. The actor performed this motor task in two conditions. In one, the correct response resulted in a reward only to itself (individual reward); in the other, the correct response resulted in a reward to both itself and another (joint reward). Note that the task situation was not competitive, and the workload was the same for the actor in the two conditions, at least objectively. Notably, the actor was less willing to work when the joint reward was expected. Furthermore, neurons in the OFC (area 13) signaled motivational value of expected rewards in such a way that the joint reward was of lower value despite it being the same absolute amount as the individual reward. Together, these findings suggested that the value of one's own reward is strongly affected by social contexts. A notable question is how the processing of one's own rewards, others' rewards, and joint rewards are mediated by cortico-cortical and/or cortico-subcortical networks. Of crucial importance is to determine whether neurons in the dopaminergic midbrain nuclei --- key regions in brain reward networks --- have a function in such social reward processing and, if so, how dopaminergic neurons interact with neurons in other cortico-subcortical areas.

5. Action encoding in social contexts
=====================================

The action of others is a key window into their unobservable states of mind, such as beliefs, desires, and intentions. The actions of others also provide useful information about what action to take or avoid without trial and error. Like humans, macaques are capable of learning through observation and of then guiding their own adaptive actions.^[@r87],[@r90],[@r102],[@r103])^ The primate brain is equipped with two systems that have functions in monitoring and understanding others' actions^[@r104])^ (Fig. [2](#fig02){ref-type="fig"}). One is the mirror system, and primarily consists of the ventral premotor area (PMv) and the inferior parietal lobule. The other is the mentalizing system, and consists mainly of the STS and the medial prefrontal cortex (MPFC).

5.1. Action encoding in the mirror system.
------------------------------------------

The mirror system has been the subject of electrophysiological studies for more than 25 years since the discovery of 'mirror neurons' in the macaque brain.^[@r105])^ The neurons of this class fire not only when a subject performs a certain action, but also when the subject observes another agent performing the same or a similar action^[@r106])^ (Fig. [2](#fig02){ref-type="fig"}, left). This overlapping encoding of self and others' actions suggests that the visual aspects of a given action performed by the actor correspond to the motor aspects of the same action in the observer at the single-neuron level. Some of the mirror-neurons are pyramidal tract neurons and thus can transmit information about observed actions directly to the spinal cord.^[@r107])^ These response properties raise the interesting possibility, albeit still controversial,^[@r108])^ that mirror neurons are involved in a range of social processes, such as monitoring and understanding others' actions via embodied simulation,^[@r109])^ imitation,^[@r110],[@r111])^ and empathy.^[@r111])^ Conversely, the dysfunction of mirror neurons is hypothesized to underlie the development of autism spectrum disorder (ASD) in humans.^[@r110],[@r112],[@r113])^

Mirror neurons in the macaque PMv show intriguing properties. A small proportion of them (17%) were activated in advance of the beginning of the observed action when it was predictable.^[@r114])^ A subset of the mirror neurons that were active during the self-action exhibited decreased activity during action observation ('suppression mirror neurons')^[@r115])^ or increased activity when the observed action was both executed and withheld ('inaction mirror neurons').^[@r114],[@r116])^ Responses of the mirror neurons were modulated by the value of objects grasped during the observed action.^[@r117])^ Activity of the mirror neurons were differentially modulated by the location in space (peripersonal *vs.* extrapersonal space) or the point of view (first-person *vs.* third-person perspective) of the observed action.^[@r118],[@r119])^ A group of location-selective mirror neurons encodes spatial information according to a metric representation, whereas another group encodes spatial information in operational terms. In the latter, mirror neurons changed their discharge rate depending on whether or not the monkey could interact with the action target.^[@r118])^ Finally, the mirror neurons also fired during the perception of abstract causality stimuli.^[@r120])^ Together, these findings suggested that mirror neurons can be involved in several aspects of action understanding, including judging the intentionality of the observed action.^[@r121])^

5.2. Action encoding in the mentalizing system.
-----------------------------------------------

Successful social interaction depends on not only the ability to identify with others, but also the ability to distinguish between aspects of self and others.^[@r122])^ For example, in social life people need to accurately assign a shared outcome to self-actions or others' actions to determine the optimal level of cooperation. As discussed earlier, mirror neurons respond similarly to the actions of self and others; they are in theory not capable of encoding which social agent is acting. The classical mirror-neuron theory has been silent on how the brain distinguishes between self-actions and others' actions.

fMRI studies on human subjects have suggested that aspects of self and others are differentially processed in the MPFC, a key node in the mentalizing system.^[@r04])^ A meta-analysis of fMRI studies showed that judgements about the self are associated with activation in the ventral MPFC and judgements about others are associated with activation in the dorsal MPFC.^[@r104])^ The z-coordinate of activation foci can predict whether individual studies involve self-related judgments or others-related judgments.^[@r123])^ These findings led to the interesting hypothesis that MPFC neurons may provide a distinct neural substrate for the self-actions and others' actions.

To address this issue further, Isoda and co-workers devised an experimental, role-reversal choice task for pairs of monkeys^[@r124])^ (Fig. [3](#fig03){ref-type="fig"}). Here, two monkeys sat face-to-face and monitored each other's actions to optimize their own choice behavior. In each trial, one monkey was assigned the role of the actor and the other monkey the role of the observer (Fig. [3](#fig03){ref-type="fig"}A). After the actor pressed a start button for 1--1.5 s, two target buttons were illuminated in green and yellow, the positions of which were randomly determined. The actor was required to choose one of the targets and the observer had to hold its start button throughout the trial. One of the two target colors was associated with a reward in each trial, which remained the same for a block of 5--17 trials (Fig. [3](#fig03){ref-type="fig"}B). The color-reward contingency was then reversed unpredictably; the actor now had to switch to the color that had been associated with no reward in the preceding block. The roles of the actor and the observer alternated every two trials. Both monkeys obtained a liquid reward (a drop of water) when the actor made the correct choice, and neither monkey was rewarded when the actor made the wrong choice. Behavioral analysis indicated that the monkeys actively monitored and utilized their partner's choice information despite not being instructed to do so.

Single-neuron recordings in the MPFCs of these monkeys distinguished three types of action-coding neurons.^[@r124])^ One group of neurons fired during the monkey's own actions, but not during the partner's actions ('self-type neurons') (Fig. [2](#fig02){ref-type="fig"}, right top); another group fired only during the partner's actions ('partner-type neurons') (Fig. [2](#fig02){ref-type="fig"}, right bottom); and a third set of neurons fired during both the self-actions and partner's actions ('mirror-type neurons'). Among these action-coding neurons, the proportion of the self, partner, and mirror type was 36%, 48%, and 16%, respectively. Furthermore, the proportion of partner-type neurons was significantly larger in the dorsal division than in the ventral division of the MPFC. By contrast, the proportion of self-type neurons was significantly larger in the ventral division than in the dorsal division. These findings indicated that the neuronal substrate of action encoding is largely agent-selective in the mentalizing system. It has been shown that neuronal activity during action planning, that is, prior to movement initiation, can also be agent-selective in the dorsal^[@r125])^ and ventral^[@r126])^ divisions. We proposed that in the mentalizing system the MPFC plays an important role in agent-specific performance monitoring in social conditions, be it for overt actions or covert intentions.

Notably, the partner-type neurons and mirror-type neurons were virtually absent in a monkey exhibiting behavioral disorders most similar to ASD in humans,^[@r127])^ suggesting that the dysfunction of others-responsive neurons (partner and mirror types) might underlie the expression of the autistic phenotype. In this autistic monkey, whole-exome sequencing and copy number variation analyses identified rare coding variants in genes (*HTR2C* and *ABCA13*) linked to human neuropsychiatric and neurodevelopmental disorders.^[@r127])^ The 'broken mirror' hypothesis posits that early developmental failures of mirror neurons may result in the expression of behavioral disorders in ASD.^[@r112],[@r113],[@r128])^ Although there is some indirect support for the broken mirror hypothesis in humans,^[@r128]--[@r130])^ direct cellular evidence has not been obtained in either humans or other animals. The monkey with an autistic phenotype provided the first direct evidence for the aberrant population of cortical neurons responding to others' actions in the disorder. The availability of whole-genome sequences at the individual level has created a new discipline called cognitive genomics.^[@r131])^ To date, cognitive genomics research conducted in the macaque has mostly taken a 'genotype-driven' approach (Fig. [4](#fig04){ref-type="fig"}, right), in which genetic screening is performed for a large set of monkeys to identify individuals with particular genetic variants and then their cognitive-emotional traits are evaluated.^[@r132]--[@r135])^ However, there can also be another approach that is 'phenotype-driven' (Fig. [4](#fig04){ref-type="fig"}, left), in which behavioral screening is performed for a large set of monkeys to identify individuals with atypical cognitive-emotional traits, and then genetic analysis is carried out to find possible genetic causes. The cognitive genomics study conducted for the above autistic monkey was the first example of the phenotype-driven approach. Although there is still a large gap between gene, neuron activity, and behavioral phenotype in terms of mechanisms and causality, the refinement and application of cutting-edge technologies for use in macaques will help bridge the gap. For example, the creation of an iPS-based model capturing the genetic complexity of a disease condition would promote *in vitro* studies to clarify neurobiological mechanisms of aberrant neural firing using a disease-relevant cell type.^[@r136],[@r137])^ Another possibility includes viral vector mediated gene delivery to the macaque central nervous system to replicate the disease condition in intact animals or to induce a rescue of the disease phenotype.^[@r138],[@r139])^ Analysis of behavioral changes after circuit-selective interventions will also be of critical importance.^[@r140])^ Monkeys with unusual behavioral traits are generally not considered suitable for use in physiological studies. Future work should now aim to closely examine such monkeys from the behavioral to the neuronal and genetic levels, rather than excluding them as research subjects.

In the role-reversal choice task, a sizable number of MPFC neurons exhibited a phasic increase in activity immediately after the partner had committed a choice error.^[@r141])^ These 'partner-error neurons' were also located in both divisions of the MPFC: the dorsal division, where the partner's error was detected, and the ventral division, where the actor's own correct action after the partner's error was encoded. These findings suggested that the MPFC plays a pivotal role in monitoring the correctness of others' actions for guiding adaptive decisions in social contexts. It has been shown that negative outcomes produced by the actors' choices facilitated the observers' learning.^[@r103])^ The activity of partner-error neurons may, therefore, be critically involved in observational learning. It has also been shown that neurons in the striatum respond to error-related feedback, the magnitude of which differs depending on whether the error is made by oneself or another.^[@r142])^ The striatum receives afferent inputs from the MPFC.^[@r143])^

The information about others' actions represented in the MPFC may arrive there from the STS. A subset of neurons in the STSa selectively responds to others' hand movements but not to one's own hand movements.^[@r144])^ Neurons in the STSa may gather information about others' actions and send it to other brain regions including the MPFC. In support of this hypothesis, the STS directly projects to the MPFC.^[@r145]--[@r147])^ Future work should investigate how the role played by the MPFC and STS in others'-action processing can differ from one another. We hypothesize that neurons in the STS are primarily involved in detecting others' actions and neurons in the MPFC assess the value, appropriateness, and intentionality of others' actions to help guide socially adaptive behavior.

Future perspectives
===================

As reviewed here, it is now technically feasible to measure and analyze neural activity at the single-neuron and network levels while monkeys perform a variety of social tasks in a laboratory setting. Using such task paradigms, an increasing number of studies have demonstrated how different brain regions participate in different aspects of social cognition and behavior. It is now clear that social brain function is mediated not only by structures originally proposed by the social brain hypothesis,^[@r148])^ such as the amygdala, temporal cortex, and OFC, but also by many other regions including, but not limited to, the MPFC, DLPFC, PMv, and posterior parietal cortex.

There are, however, several, important limitations and unknowns in social neuroscience studies in macaques. First, invasive electrophysiological recordings in macaques have typically been carried out using two or three subjects for each experiment. Although data consistency is confirmed between subjects in most published work, readers need to be aware of limitations derived from a small subject size and carefully interpret the robustness and significance of each study, particularly given individual differences in traits and cognitive abilities. Second, human social behaviors seem to be more diverse and complicated compared with those of the macaque. Human behaviors can be affected by numerous factors or contexts, such as ethics, education, and culture. Therefore, to clarify the neural basis of complex (and higher-order) social behaviors, studies on human subjects are indispensable. In this respect, human and macaque experiments should complement each other to better understand primate social brain functions. Finally, accumulating evidence suggests the existence of functional lateralization of the human brain for mediating social cognition. Specifically, the right hemisphere has an advantage, compared with the left one, in social cognitive processes, such as self-related judgements, detection of social signals, and inference about others' mental states.^[@r149],[@r150])^ It remains unknown, however, whether such hemispheric lateralization is also present in the macaque brain, simply because of the lack of related studies. Future work should address this fundamental issue to gain insights into possible differences in brain organization between humans and macaques.

We consider it useful to provide several perspectives on novel experimental strategies that could help clarify the nature of interacting brains using macaques. As mentioned above, social cognition and behavior are implemented by distributed neural networks; even a single social brain function is implemented by more than one brain region. Most of the published work on macaques have adopted a single-neuron recording technique to examine a single target region, whereas neural recordings and analyses from the network perspective have rarely been done. For example, the mirror and mentalizing systems, both involved in social action processing, have prominent anatomical connections with one another, at least in the macaque brain.^[@r147],[@r151]--[@r153])^ Therefore, it is natural to assume that interactions should also exist at the functional level between the two systems. There are indeed several neuroimaging studies demonstrating such functional interactions in humans;^[@r154]--[@r156])^ however, virtually no studies have addressed this issue in macaques. Simultaneous recording of ensemble neural activities in the mirror and mentalizing systems should help to clarify the nature of their interactions. Network-level analysis of neural activity will also help to clarify how various social signals, such as the face, gaze, reward value, and social states, are integrated in the brain. This issue is fundamental to understanding the organization of social brain networks in both primate species. The integration of others-relevant sensory signals into value information for generating a gaze bias, for example, is hypothesized to be mediated by two distinct but interrelated pathways: a subcortical route mediating crude but fast orienting to animate objects and faces, and a cortical route mediating nuanced and context-dependent social attention.^[@r157])^

Social skills in everyday life are acquired, sophisticated, and implemented through real-time interactions with other individuals. One of the ultimate goals of social neuroscience is to uncover what takes place in dynamically interacting brains of multiple agents. However, the current experimental approach in social neuroscience studies using macaques has been to investigate *intra-individual* brain dynamics during inter-individual interactions. Here, neural activity is measured from only a single brain at a time, and the focus of analysis is inevitably confined to within-brain mechanisms. Such single brain studies are incapable of discovering as-yet-unknown neural processing that might occur during joint task performance, such as between-brain synchrony. A reasonable next step in social systems neuroscience is to understand *inter-individual* brain dynamics. The 'interactive brain hypothesis' posits that social interaction engages neural processes that either do not occur or are less active during similar solo conditions.^[@r158]--[@r160])^ Indeed, oscillatory coupling of neural signals between two brains has been reported during interactive tasks using fMRI,^[@r161],[@r162])^ functional near-infrared spectroscopy,^[@r163]--[@r167])^ and electroencephalography^[@r168])^ in humans. Although this technique, called hyperscanning, has not been applied to macaques, simultaneous recording of neural activities in two interacting subjects will provide important insights into the neural underpinnings of synchronous activity with precise spatiotemporal resolution. This new approach will delineate how two brains can work as a single system when two individuals get involved in 'we-mode', an irreducibly collective mode in which interacting persons share their minds.^[@r169])^ In macaques, too, spontaneous synchronization of arm motion^[@r170])^ and eyeblink^[@r171])^ can occur between two subjects during social interactions. Social neuroscientists using macaques should boldly go forward to address this challenging but fascinating issue and establish the field of 'two-brain neuroscience.'

Finally, another novel direction in social neuroscience research using macaques is to assess their behavior and neural activity in more-natural group conditions. Primates, including humans, are highly social creatures, and their perception, cognition, and action are deeply embedded in the social world. It can be conjectured that functions of the primate brain are best understood in social environments, in which multiple agents interact dynamically. With this conjecture in mind, a Japanese team, about 50 years ago, developed an animal model of schizophrenia by chronically injecting methamphetamine into monkeys housed in a big cage, in which 7--9 monkeys were kept together.^[@r172])^ By employing such an experimental design in a natural group context, the investigators observed intriguing social behavioral disorders most similar to human schizophrenia and reported that both acute and chronic symptoms substantially varied according to the social hierarchy of each monkey. More recently, a real-time, multi-camera, 3D tracking system was developed to enable the continuous monitoring of behaviors of socially housed monkeys at a lower hardware cost.^[@r173])^ Using the tracking system, social behavioral changes caused by the introduction of an object (toy) in a group were reported.^[@r174])^ Furthermore, the assessment of social behavioral changes induced by drug injections has also been started under group settings.^[@r175])^ Further refinements of experimental procedures, for both behavioral and neural data collection, are expected with technological advancements. The effective combination of the group-based experimental strategy, which is suitable for screening individual social behavioral traits, and the two-monkey laboratory testing strategy, which is suitable for in-depth electrophysiological investigations, will provide a fruitful platform for future social neuroscience research using macaques. This type of research is essential to better understand the mechanisms underlying, and thereby reduce the substantial cost and suffering of, neurodevelopmental as well as psychiatric disorders that are characterized most often by deficits in social communication and interaction.
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![Brain regions showing increasing (positive) or decreasing (negative) gray matter volume associated with increasing social network size and/or social rank. Social network size refers to the number of housemates of each monkey. See the inset for social factors correlated with each region's volume (social network size or social rank) and signs of correlation (positive or negative).](pjab-94-305-g001){#fig01}

![Schematic illustration of mirror system and mentalizing system. The mirror system is primarily comprised of the ventral premotor cortex (PMv, *1*) and the inferior parietal lobule (IPL, *2*). The mentalizing system is mainly comprised of the superior temporal sulcus (STS, *3*) and the medial prefrontal cortex (MPFC, *4*). A class of neurons in the mirror system, called mirror neurons (leftmost), fire when a subject executes an action (red line) as well as when the subject observes others making a similar action (blue line). In contrast, many neurons in the mentalizing system show agent-specific responses (rightmost). Namely, a set of neurons fires when a subject executes an action, but not when the subject observes others' actions (self-type neurons). Another major group of neurons fires when a subject observes others' action, but not when the subject executes an action (partner-type neurons).](pjab-94-305-g002){#fig02}

![Temporal sequence of events in a role-reversal choice task. (**A**) An example of a single trial in which monkey 1 was assigned the role of the actor and monkey 2 the role of the observer (left). The actor role was indicated by illuminating a red start button. After two trials, the roles were switched and monkey 2 was assigned the role of the actor (right). (**B**) The correct target color (green or yellow) was determined in a block-wise manner. Each colored circle denotes the correct target color in each trial. G, green; Y, yellow. The green and yellow target was associated with a reward in the green-reward and yellow-reward trial block, respectively. The color-reward contingency switched unpredictably every 5--17 trials.](pjab-94-305-g003){#fig03}

![Two strategies in cognitive genomics research. Up to now, a 'genotype-driven' approach has represented the majority of studies. This approach first involves a genetic screening across a large set of subjects to identify individuals with any polymorphisms of a specific target gene (right). On the other hand, the new 'phenotype-driven' approach begins with behavioral screening to find individuals with atypical, cognitive and/or behavioral traits (left). Genetic analysis is then applied to those individuals to identify possible genetic causes of such atypical behavior. In both approaches, detailed assessment of behavioral and cognitive functions should follow in a laboratory setting, together with electrophysiological experiments to understand the neural basis of any unusual traits. Once a relationship is revealed between particular genotypes and unusual traits, then an animal model expressing such traits can be developed using genetic manipulation, which further allows for neurobiological investigations as a basic research and clinical applications for therapeutic intervention.](pjab-94-305-g004){#fig04}
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